Background: Clinical findings in children with premature adrenarche (PA) correlate only partly with circulating levels of adrenal androgens. It is not known whether the prepubertal low circulating concentrations of testosterone (T) and dihydrotestosterone, together with those of adrenal androgens, are capable of activating the androgen receptor. Methods: This cross-sectional study was performed at a university hospital. Circulating androgen bioactivity was measured in 67 prepubertal children with clinical signs of PA and 94 control children using a novel androgen bioassay. results: Circulating androgen bioactivity was low in the PA and control children. In the subgroup of children (n = 28) with serum T concentration over the assay sensitivity (0.35 nmol/l) and a signal in the androgen bioassay, we found a positive correlation between androgen bioactivity and serum T (r = 0.50; P < 0.01) and the free androgen index (r = 0.61; P < 0.01) and a negative correlation with serum sex hormone-binding globulin concentration (r = −0.41; P < 0.05). conclusion: Peripheral metabolism of adrenal androgen precursors may be required for any androgenic effects in PA. However, the limitations in the sensitivity of the bioassay developed herein may hide some differences between the PA and control children. t he reticular zone (zona reticularis (ZR)) of the adrenal cortex starts to develop from small focal islets in early childhood (1). Later on, continuous ZR begins to produce weak androgen precursors, mostly dehydroepiandrosterone (DHEA) and its sulfate (DHEAS), and this phenomenon is referred to as adrenarche. During adrenarche, increasing androgenic activity leads to greasiness of the skin and hair, comedones/acne, adult-type body odor, and finally to the development of axillary and pubic hair. Though not uniformly used, adrenarche may be defined as premature (premature adrenarche (PA)) if these clinical signs are evident together with elevated serum levels of adrenal androgens before the age of 8 y in girls or 9 y in boys (2).
t he reticular zone (zona reticularis (ZR)) of the adrenal cortex starts to develop from small focal islets in early childhood (1) . Later on, continuous ZR begins to produce weak androgen precursors, mostly dehydroepiandrosterone (DHEA) and its sulfate (DHEAS), and this phenomenon is referred to as adrenarche. During adrenarche, increasing androgenic activity leads to greasiness of the skin and hair, comedones/acne, adult-type body odor, and finally to the development of axillary and pubic hair. Though not uniformly used, adrenarche may be defined as premature (premature adrenarche (PA)) if these clinical signs are evident together with elevated serum levels of adrenal androgens before the age of 8 y in girls or 9 y in boys (2) .
In both normal-timed and PA, the clinical signs of androgen activity do not correlate well with the circulating levels of DHEA, DHEAS, or androstenedione (A4) (2, 3) . In peripheral tissues such as the skin, DHEA and DHEAS interconvert via hydroxysteroid sulfotransferase and steroid sulfatase (4) , but DHEAS desulfonation in the liver is controversial (5) . DHEAS is biologically inactive, and DHEA is only a weak androgen receptor (AR) agonist (6) , but they are present in the serum of PA subjects in excess concentrations.
The effects of androgens are mediated via the AR, resulting in the activation of target gene transcription (7) . Whereas testosterone (T) and dihydrotestosterone (DHT) are potent AR agonists, the affinity of adrenal androgen precursors to AR is weak (6, 8) , and prereceptor level conversion to more potent androgens is needed for the full activation of AR. In peripheral tissues, DHEA is converted to the most potent androgen, DHT, through A4 and T. The main enzymes responsible for this intracrine conversion are 3β-hydroxysteroid dehydrogenase 1 (HSD3B1), 17β-hydroxysteroid dehydrogenase 5 (HSD17B5), and 5α-reductase. Expression of these converting enzymes has been discovered in many peripheral tissues, including the skin epidermis, hair follicles, and dermal exocrine gland cells (4, 9, 10) , and the level of conversion varies in different cells (11) . However, it is not known to what extent adrenal androgens are converted to T and DHT in the liver, or whether the androgens found in the circulation of PA subjects are able to induce further AR activation.
Peripheral intracrine prereceptor modulation of androgens and AR activity may be key points in explaining the variability of androgenic activity in PA. Recent studies have demonstrated that a shorter CAG repeat polymorphism in the AR gene leading to increased transactivation efficacy of the receptor is associated with PA, especially among lean children (12, 13) . On the other hand, factors regulating peripheral conversion and its efficiency, e.g., polymorphisms of peripheral steroidogenic enzymes, have been poorly studied to date. Polymorphisms in genes encoding HSD17B5 and aromatase have been studied by Petry et al. (14, 15) showing no significant association with premature pubarche. Variations in genes encoding steroid sulfatase, HSD3B1, and 5α-reductase have not been studied in PA. However, Wang et al. (16) found significant differences in the gene encoding HSD3B1 in four different ethnic groups of Articles Liimatta et al.
adults. They also found decreased enzyme activity with common polymorphisms of the HSD3B1 in an in vitro luciferase (LUC) reporter gene assay (16) . Thus, genetic variation in the peripheral metabolism of steroid hormones may be one factor explaining the phenotypic variability in children with PA from different ethnic backgrounds.
Furthermore, a recent study has shown HSD17B5 to be expressed in the human adrenal ZR from the age of 9 y, enabling the production of T (17) , and it has been speculated that more potent adrenal androgens in addition to DHEA and DHEAS could increase circulating androgen activity during adrenarche (18) .
Circulating androgen bioactivity can be studied using androgen bioassays that measure bioactivity directly from a small amount of human serum. The developed assays are based on cell lines transfected transiently or stably with the AR and different androgen-responsive promoters that drive the expression of an easily measurable enzyme, usually LUC (19, 20) . However, these assays have not yet been used to study androgen bioactivity in children with PA. In this study, we measured circulating androgen bioactivity in children with PA using a novel androgen bioassay. Our goal was to investigate whether potent androgens are produced or converted to the circulation in children with PA, and therefore, our choice for the cell line was COS-1 (CV-1 in origin, carrying the SV40 genetic material), in which the converting enzymes (including 5α-reductase) are not expressed (19, 21) .
RESULTS

Androgenic Activity of Different Steroids
Different androgens were studied for their ability to activate the AR-dependent reporter gene in COS-1 cells. All steroids at each concentration were compared with T at the concentration of 1 µmol/l (=1), and the experiments were performed two to three times. The results are presented in Figure 1 . DHEA and DHEAS did not activate AR at the tested concentrations.
Androgenic Activity of the Sera in the Studied Subjects
The serum androgen bioactivity of the control and PA children, adult females, and males is presented in Figure 2 . Circulating androgen bioactivity in the PA children was low, and there was no difference in the mean bioactivity between the PA and control children (0.33 vs. 0.33 nmol/l T equivalents; not significant; Figure 2a) . We found significant differences in the mean bioactivity between all children and adult females (0.33 vs. 0.73 nmol/l T equivalents; P = 0.01), as well as between the adult females and males (0.73 vs. 5.45 nmol/l T equivalents; P < 0.001; Figure 2b) .
Mean serum androgen bioactivity levels, androgen, and sex hormone-binding globulin (SHBG) concentrations as well as the Vermeulen free androgen index (22) in the PA and control children, and in the adult females and males, are presented in Table 1 . Among the children in whom the serum T concentrations were over the assay sensitivity (0.35 nmol/l) accompanied by a signal in the androgen bioassay (n = 28), we found a positive correlation between androgen bioactivity and serum T concentration (r = 0.50; P < 0.01) and free androgen index (r = 0.61; P < 0.01) and a negative correlation between androgen bioactivity and serum SHBG concentration (r = −0.41; P < 0.05). There was also a significant correlation between androgen bioactivity and serum T (but not SHBG; r = 0.59; P < 0.01) and free androgen index (r = 0.61; P < 0.01) in all girls selected using the same criteria (n =25). Because only three boys met these criteria, we were unable to calculate any correlations in this subgroup. Of the PA children selected using the same criteria (n = 17), 13 children (76%) had pubarche, whereas of the remaining 52 children, only 19 (37%) had pubarche (P < 0.05). We did not find any correlations between androgen bioactivity and serum DHEAS, DHEA, or A4 concentrations. In all children, T concentrations correlated negatively with SHBG (r = −0.23; P < 0.01) and positively with DHEA (r = 0.47; P < 0.001), DHEAS (r = 0.42; P < 0.001), and A4 (r = 0.53; P < 0.001) concentrations.
DISCUSSION
Our study supports the hypothesis that peripheral conversion of weak adrenal androgens is essential for the clinical androgenic effects in PA. Measured circulating androgen bioactivity in children with PA was low without differing significantly from that of the control children, albeit the sensitivity of our assay was not optimal for any definite conclusions. In those PA children who produced some signal in the androgen bioassay and measurable serum T levels in radioimmunoassay, pubarche was more common than in the other PA children. We also found that in the subgroup of all children with measurable serum T concentration and androgen bioactivity, bioactivity correlated with T and free androgen index. As expected, an Androgen bioactivity in PA Articles inverse correlation between serum androgen bioactivity and SHBG concentration was also found. However, serum androgen bioactivity was not correlated with serum DHEAS or A4 concentrations in any subgroup of children. PA is characterized by clinical signs of androgenic activity that do not correlate well with circulating adrenal androgen concentrations: children may have these signs alongside relatively low circulating DHEAS levels, or they may have increased DHEAS concentrations without any phenotypic signs (3, 23, 24) . The peripheral intracrine metabolism of weak adrenal androgen metabolites is known to be essential for the relevant androgenic effects. Approximately 30-50% of total androgens in men and 75-100% in women (pre-vs. postmenopausal, respectively) are thought to be formed in peripheral tissues from these adrenal precursor steroids (9, 11) . In addition to peripheral tissues, HSD17B, an enzyme able to convert A4 to T, is expressed in the liver (25) and even in the adrenal cortex (26) . Rijk et al. (27) exposed bovine liver slices to DHEA and found increased androgen bioactivity and levels of A4 and T in cell culture media, suggesting the expression of converting enzymes in hepatic cells, but there is also evidence that steroid sulfatase is not active in human hepatic cells (5). Hui et al. (17) observed the expression of HSD17B5 in the ZR of human adrenals in children aged 9 y, and found that the thickness of ZR correlated with the expression of this enzyme. However, it is not yet known whether adrenal androgens are converted to potent androgens in the human liver or to what extent ZR in the human adrenal cortex is capable of synthesizing potent androgens (18) . One would expect to find increased circulating bioactivity in children with PA if more potent androgens were secreted, or converted to the circulation, during adrenarche. As the currently available serum assays for T and DHT have limited sensitivity for pediatric serum samples, we wanted to test this hypothesis using a new method that takes into account the whole circulating serum androgenic pool. Our results suggest that peripheral intracrine metabolism in target tissues is essential for an androgenic impact in children with PA. Our present results are in line with previous findings in children with 21-hydroxylase deficiency who had low serum androgen bioactivity despite an increased serum level of adrenal A4 and clinical signs of androgenic activity (28) .
In the peripheral tissues, increased androgen activity could be explained by changes in target tissue metabolism and increased AR activation. One possible way to increase DHT synthesis from adrenal androgens in peripheral tissues is the so-called alternative backdoor pathway found in patients with 21-hydroxylase deficiency (29) . This route bypasses both androstenedione and T as intermediates. The transactivation efficacy of the AR is also crucial in the pathogenesis of PA as genetic variants of the AR gene have been associated with PA (12) . Finally, the transcriptional efficacy of the AR is also highly modulated by a wide range of different coactivators and repressors (30), but there are no studies on their role in PA.
The positive correlation between androgen bioactivity and serum T concentrations in all children who had measurable T levels reflects either minor gonadal androgen production or efficient conversion of DHEA, DHEAS, and A4 to circulating T in these children. The inverse correlation between SHBG and androgen bioactivity was expected, as only androgens not bound to SHBG are biologically active (31) .
The bioassay used was designed to be as sensitive as possible, and indeed, its sensitivity was adequate for adult female and male samples. However, though the assay determines the activity of the whole serum androgenic pool, it was still too weak to detect small increases in androgen bioactivity in pediatric serum samples. When investigating androgen bioactivity using AR-based assays, the cell line should be selected carefully depending on the purpose of use. In our opinion, the COS-1 cell line was appropriate for this study because we wanted to investigate serum androgen bioactivity in the circulation, not at the target tissue level. If one wanted to study androgen bioactivity in target tissues, CHO 515 or some other cell line with the expression of converting enzymes would be more appropriate (20) . One weakness of all bioassay settings is that AR The limitations in the sensitivity of the developed bioassay may hide some differences between the PA and control children. However, serum androgen bioactivity in children with PA seems to be low, which supports the hypothesis that peripheral conversion of adrenal androgens is important for the androgenic signs seen in PA. More studies are needed to investigate the genetic variations, coregulators, and factors that modulate this peripheral conversion in children with PA.
METHODS
Subjects and Serum Assays
Children participating in our PA study have been presented previously (3) . From this group, we studied serum samples of 73 prepubertal children with PA (mean age: 7.45 y, SD: 0.92 y, 10 boys) and 97 healthy control children (mean age: 7.49 y, SD: 0.89 y, 18 boys). Six PA and three control children did not provide enough serum for the bioassay, so the final number of children for this study was 67 (9 boys) PA and 94 (18 boys) control children; their characteristics are depicted in Table 1 . In this study, the definition of PA was purely clinical, and the inclusion criteria for the PA group were any sign(s) of adrenarche, including pubic/axillary hair, acne, comedones, adult-type body odor, or oily hair, before the age of 8 y in girls and 9 y in boys. Other causes of androgen excess (central puberty, congenital adrenal hyperplasia, adrenocortical tumor) were excluded via clinical examination and gonadotropin-releasing hormone test, short Synacthen (Defiante Pharmaceutica S.A., Funchal, Portugal) test with 17-hydroxyprogesterone measurements, and abdominal ultrasonography.
We also examined serum samples from 40 healthy young adults who were not undergoing any hormonal treatment (16 females, mean age: 21.09 y, SD: 0.74 y; 24 males, mean age: 20.75, SD: 0.51 y). Twenty-one of these (7 females and 14 males) had been born small for gestational age because this group was originally recruited to investigate the outcomes of babies born small for gestational age (32) .
Serum DHEAS and A4 concentrations were determined using specific Coat-A-Count radioimmunoassays (RIAs) (Diagnostic Products, Los Angeles, CA). Serum DHEA concentrations were measured using an in-house RIA derived from a previously described method (3) and T concentrations using a commercial RIA (Diagnostic Products). SHBG was determined using a specific time-resolved fluoroimmunoassay by AutoDelfia (PerkinElmer Life and Analytical Sciences Wallac Oy, Turku, Finland).
The study protocol was approved by the Research Ethics Committee of Kuopio University Hospital (Kuopio, Finland). Informed written consents from the study subjects or their parents and assents from the children were obtained for participation in the study.
Bioassay
Plasmids and steroids. The AR-responsive reporter pPB(−285/+32)-LUC and AR expression vector pSG5-hAR are described elsewhere (33, 34) . The internal control pCMVβ (β-galactosidase under the control of constitutive cytomegalovirus promoter expression vector) was from Clontech (Palo Alto, CA). DHEA, DHEAS, A4, T, and DHT were provided by Steraloids (London, UK).
Cell culture and transfection. COS-1 cells (ATCC, Manassas, VA) represent a fibroblast-like cell line derived from African green monkey kidney, which does not naturally express the converting enzymes of adrenal androgens (19) . The cells were cultured in Dulbecco's modified eagle medium (Gibco, Invitrogen, part of Life Technologies, Carlsbad, CA) with phenol red containing 10% (vol/vol) fetal calf serum (FCS; HyClone, part of Thermo Fisher Scientific, Waltham, MA), penicillin (25 U/ml; Gibco, Paisley, Scotland), and streptomycin (25 µg/ml; Gibco). The cells were seeded onto 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) at a density of 5,000 cells per well. They were then incubated overnight at 37 °C in a humidified atmosphere (5% CO 2 ), and the cell culture medium was replaced with phenol red-free Dulbecco's modified eagle medium containing 25.6 mmol/l glucose (MP Biomedicals LLC, Solon, OH), 3.4 mmol/l l-glutamine (Gibco), 51.2 U/ml penicillin (Gibco), 51.2 µg/ml streptomycin (Gibco), and 10% (vol/vol) charcoal-stripped FCS. Finally, 28 h after plating, the cells were transfected using TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WI). Each well received a total of 68.3 ng DNA (pPB(−285/+32)-LUC: 39.0 ng; pSG5-hAR: 22.8 ng; pCMVβ: 6.5 ng).
Preparation of standards and patient sera for the bioassay. T was first diluted with ethanol and then added to charcoal-stripped FCS. The solution (100 nmol/l) was then aliquoted and stored at −70 °C for future use as a standard in the bioassay. In the experiments, standard aliquots were diluted by mixing with FCS (1/1), to obtain six different concentrations (0.78, 1.56, 3.125, 6 .25, 12.5, and 25 nmol/l). The serum samples were prepared by centrifuging (2 × 2 min, 13,000 rpm, rotated Values are expressed as median (interquartile range). BMI-sD scores were calculated with new Finnish growth references (36) . statistical differences between the PA or PA-PP groups and controls: *P < 0.05, **P < 0.01, † P < 0.001. A4, androstenedione; DHeA, dehydroepiandrosterone; DHeAs, dehydroepiandrosterone sulfate; FAI, free androgen index; PA, premature adrenarche; PP, premature pubarche; sHBG, sex hormone-binding globulin; T, testosterone. a n = 94. Treatment of the cells. Twenty-four hours after transfection, the medium in each well was replaced with 90 µl of phenol red-free Dulbecco's modified eagle medium containing 28.4 mmol/l glucose, 3.8 mmol/l l-glutamine, 56.8 U/ml penicillin, and 56.8 µg/ml streptomycin, to which 10 µl of T standard in FCS in duplicate or 10 µl of human serum sample in triplicate was added. As an internal control, we used two nontransfected wells per plate.
Measurement of activity.
After an overnight incubation (37 °C, 5% CO 2 ), the cells were lysed in reporter lysis buffer (Promega, Madison, WI) and LUC activity was measured with the LUC assay system (Promega) using the Luminoskan Ascent luminometer (Thermo Fisher Scientific, Waltham, MA). The activity of β-galactosidase was determined as previously described (35) . For each sample, LUC activity was divided by β-galactosidase to correct for differences in transfection efficiency. Samples were measured blinded to the clinical and endocrinological status of the subjects.
AR activation by various steroid compounds. Cell culture, transfection, and activity measurements were performed using the same protocol as used with human serum samples. Each androgen (DHEA, DHEAS, A4, T, and DHT) was dissolved in ethanol and diluted by mixing with charcoal-stripped FCS to obtain 10 different concentrations (0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1,000 nmol/l). Bioactivity induced by T was measured thrice and that induced by the other steroids was measured twice.
Statistical Analysis and Sensitivity of the Bioassay
Standard curves followed a quadratic curve (Mean Rsq: 0.988; SD: 0.008; P < 0.01) with small amounts of T (0.78-25 nmol/l). Bioactivity in the human serum samples was compared with the standards and expressed in T equivalents (nmol/l). The MannWhitney U test was used to compare bioactivity scores for different groups. When investigating the relationship between different variables, Spearman's correlation coefficient was used, and relative LUC activity below the sensitivity of the bioassay was set at zero T equivalent (97 child and 4 adult female samples). The difference in the prevalence of pubarche between the study groups was analyzed using the χ 2 test. All statistical analyses were performed using SPSS 19.0 (SPSS, Chicago, IL).
In most child or adult female samples, bioactivity was below our lowest standard dilution (T = 0.8 nmol/l). Therefore, we defined the sensitivity of this assay as the mean LUC activity (of repeated measures) induced by FCS without added T (T = 0 nmol/l). Intra-and interassay coefficients of variation were defined as repeated measurements of the same pooled sera. The interassay coefficient of variation was 35% (14 runs), and the intraassay coefficient of variation was 15%.
